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The biodegradation of polycyclic aromatic hydrocarbons (PAH) often is limited by low water solubility and
dissolution rate. Nonionic surfactants and sodium dodecyl sulfate increased the concentration of PAH in the
water phase because of solubilization. The degradation of PAH was inhibited by sodium dodecyl sulfate because
this surfactant was preferred as a growth substrate. Growth of mixed cultures with phenanthrene and
fluoranthene solubilized by a nonionic surfactant prior to inoculation was exponential, indicating a high
bioavailability of the solubilized hydrocarbons. Nonionic surfactants of the alkylethoxylate type and the
alkylphenolethoxylate type with an average ethoxylate chain length of 9 to 12 monomers were toxic to a
PAH-degrading Mycobacterium sp. and to several PAH-degrading mixed cultures. Toxicity of the surfactants
decreased with increasing hydrophilicity, i.e., with increasing ethoxylate chain length. Nontoxic surfactants
enhanced the degradation of fluorene, phenanthrene, anthracene, fluoranthene, and pyrene.

Polycyclic aromatic hydrocarbons (PAH) have been re-
leased into the environment by incomplete combustion of
fossil fuels and oil spills throughout past decades. Remedi-
ation of contaminated sites is of public interest because of
the toxic, carcinogenic, and mutagenic potential of PAH (7).
Biodegradation of PAH containing up to four rings by pure
and mixed cultures has been demonstrated (7, 33). Even a
decrease in PAH with more than four rings was reported
after biological treatment of contaminated sites (24).

The biodegradation of PAH often is limited by the low
water solubility and dissolution rates of these hydrophobic
substrates (5, 27, 29, 34). Degradation rates depend on the
mass transfer rates of the PAH from the solid phase to the
water phase (31). Enhanced mass transfer can be achieved
by the use of small substrate particles, thereby increasing the
surface area and resulting in a higher dissolution rate (29,
31).

Surfactants mediate between immiscible phases because
of their hydrophobic and hydrophilic moieties. The addition
of surfactants increases the concentration of hydrophobic
compounds in the water phase by solubilization or emulsifi-
cation. Solubilization occurs above a specific threshold, the
critical micellar concentration (CMC), where surfactant mol-
ecules aggregate to micelles. The slope of the curve relating
the concentration of solubilized PAH to the surfactant
concentration above CMC can be expressed as the solubili-
zation ratio (SR). The solubilization of PAH and other
hydrophobic pollutants by nonionic surfactants has been
reported earlier (13, 17). An important parameter describing
physical properties of surfactants is the hydrophil-lipophil-
balance (HLB), which is determined by the relationship of
the hydrophilic and the hydrophobic parts of the surfactant
molecule (22). The HLB value of a surfactant increases with
its hydrophilicity.

The potential of surfactants to increase the concentration
of hydrophobic compounds in the water phase suggested
that the degradation of hydrocarbons might be accelerated
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by the addition of surfactant. Attempts to enhance the
metabolization rates of nonpolar substrates by the use of
surfactants gave contradictory results (3, 6, 8, 14, 15).
Although surfactants have been studied in complex water-
soil systems (2, 19, 23), the effects are not well understood.
This study was done to investigate the fundamental interac-
tions of PAH, surfactants, and bacteria. Experiments fo-
cused on the toxicity of surfactants and the bioavailability of
solubilized PAH.

MATERIALS AND METHODS

Media and culture conditions. Chemicals were obtained
from Aldrich, Fluka, Merck, or Sigma at the highest avail-
able purity. The mineral medium used for all incubations
contained (per liter) 3.58 g of Na,HPO,, 2.32 g of NaCl, 0.54
g of NH,ClI, 0.15 g of KCI, 0.1 g of MgSO,, - TH,0, 0.04 g of
CaCl, - 2H,0, and 10 ml of trace element solution (25). The
pH was adjusted to 7.0. For enrichment and cultivation,
PAH were provided in the medium as the sole source of
carbon and energy.

All incubations were done in 300-ml Erlenmeyer flasks
containing 200 ml of medium on a rotary shaker at 180 rpm
and 30°C. Media containing only PAH, which were solubi-
lized before inoculation (presolubilized), were prepared as
described below. In experiments with crystalline PAH that
were solubilized to a certain degree during the incubation,
addition of PAH to the surfactant-containing mineral me-
dium and inoculation were done simultaneously.

Small particles of phenanthrene were produced by recrys-
tallization from acetone solutions. The kinetics of degrada-
tion of solid PAH were measured by using replicate inocu-
lations, which were extracted at the times indicated.

Enrichment of PAH-degrading bacteria. Soil samples con-
taminated with PAH were obtained from a former coal
gasification site at Karlsruhe, Germany. Enrichment of
PAH-degrading bacteria was done in mineral medium con-
taining 1 mM fluorene, phenanthrene, anthracene, fluoran-
thene, or pyrene as the sole source of carbon and energy (4).
The mixed cultures were transferred to fresh medium every
3 weeks in the case of fluorene and phenanthrene and every
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TABLE 1. Chemical and physical properties of surfactants employed in this study

Surfactant Avg mol formula Avg mol wt HLB* CMC (mM) MSR? wtSR¢ (mg/g)
SDS C;,H,50S0; " Na* 288 40.0 1.25 0.034 21.0
Marlipal 013/90 C,;H,,0(CH,CH,0),H 596 13.3 0.25 0.116 34.7
Triton X-102 CgH,,C¢H,0(CH,CH,0),,H 756 14.6 0.40 0.112 26.4
Genapol X-150 C,3H,,0(CH,CH,0),sH 860 15.0 0.50 0.068 14.1
Brij 35 C,,H,s0(CH,CH,0),;H 1,200 17.0 0.10 0.152 225
Arkopal N-300 CyH,,C¢H,O(CH,CH,0),,H 1,550 17.0 0.50 0.093 10.7
Sapogenat T-300 (C4H,);CH,0(CH,CH,0);,H 1,600 17.0 0.35 0.150 16.7
Pluronic PE6400 HO(CH,CH,0),(C,H,CH,0),,(CH,CH,0),5_,H 3,000 N.A< 1.40 0.067 4.0
Tegopren 5851 (CH,);SiO(SiCH,XO0)s(SiCH;CH;0),,Si(CH;),? 5,900 N.A. 0.05 0.401 12.1

4 Data from manufacturers.

® Determined for phenanthrene.

¢ Determined for phenanthrene.

4 X = (CH,);0(CH,CH,0),5(C,H,CH,0);H.
€ N.A., not applicable.

6 weeks in the case of anthracene, fluoranthene, and pyrene.
A Mycobacterium sp. able to utilize several PAH was
isolated from the same contaminated site. Characterization
of the Mycobacterium sp. was published previously (5).

Surfactants. Sodium dodecyl sulfate (SDS), Brij 35, and
Triton X-102 were obtained from Serva. Marlipal 013/90 was
a gift from Hiils AG, Marl, Germany. Genapol X-150,
Arkopal N-300, and Sapogenat T-300 were made available
from Hoechst AG, Frankfurt, Germany. Pluronic PE6400
was a gift from BASF AG, Ludwigshafen, Germany. Tego-
pren 5851 was a gift from Goldschmidt AG, Essen, Ger-
many. The detergents were used as obtained without further
purification.

Specifications of the surfactants are given in Table 1.

Solubilization of PAH. Solid PAH at a concentration of 1
mM were shaken in surfactant-containing mineral medium
for 18 h at 180 rpm and 30°C. The solubilized PAH were
separated from remaining PAH particles by filtration through
0.2-pm-pore-size polycarbonate membrane filters. Determi-
nation of CMCs and the SRs for phenanthrene were done
after this procedure. For phenanthrene, an equilibrium be-
tween crystalline and solubilized phenanthrene after 18 h
was demonstrated.

For experiments done with the Mycobacterium sp., super-
natants were additionally aseptically filtered into sterile
flasks.

Analytical procedures. Bacterial growth was determined
by measuring the protein concentration (32) and by visual
examination for turbidity.

The concentration of SDS was measured by the methylene
blue method (28). Determination of dissolved organic carbon
was conducted after photochemical oxidation to CO, in a
Dohrmann analyzer.

The concentration of particulate PAH was measured after
extraction with 0.3 ml of n-octane ml™~* culture for 60 min on
a magnetic stirrer. Emulsions that developed in the presence
of surfactants were broken by repeated freezing or by
centrifugation. n-Octane extracts were analyzed by gas
chromatography as described previously (5). Recovery of
PAH was at least 95% in sterile media with and without
surfactants. n-Dodecanol, a degradation product of SDS,
was identified by comparison of the retention time with that
of the commercially available reference substance by gas
chromatography.

Solubilized and dissolved aromatic compounds were mea-
sured by reversed-phase high-performance liquid chroma-
tography (HPLC). Twenty microliters of culture supernatant

was injected into an HPLC (Beckman) fitted with a Nucleosil
column (5 pm, C-18; Knauer). Isocratic elution was carried
out with 77.5:22.5 methanol to water acidified with 0.76 ml of
H,PO, liter~!. Peaks were measured at 254 nm or scanned
from 220 to 400 nm in flow-through mode in a spectropho-
tometer (Beckman model 165). Compounds were identified
by their retention times and absorbance spectra in compar-
ison with reference substances.

RESULTS

Determination of CMC and SR. Determination of the
CMC:s and the solubilizing properties was a prerequisite for
knowing the amounts of the individual surfactants necessary
to enhance the concentration of PAH in the water phase.
The solubilizing capacities of the surfactants were deter-
mined with phenanthrene as a model compound. The rela-
tionship of solubilized phenanthrene to surfactant concen-
tration can be expressed as moles of hydrophobic compound
solubilized per mole of surfactant (molar SR [MSR]) or as
mass solubilizate per mass of surfactant (weight SR [wtSR]).

The CMCs and both expressions for the SRs determined
for phenanthrene are given in Table 1.

Effect of SDS on phenanthrene degradation. SDS has the
potential to solubilize phenanthrene (Table 1). In spite of
this, the degradation of solid phenanthrene by the mixed
culture adapted to phenanthrene degradation was inhibited
by the addition of SDS (Fig. 1). Primary degradation and
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FIG. 1. Inhibition of phenanthrene degradation in a mixed cul-
ture by SDS. Incubation was done with 200 mg of phenanthrene per
liter after addition of SDS at various concentrations.
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TABLE 2. Degradation of solubilized PAH by mixed cultures
enriched on crystals of the respective PAH?

Solubilized PAH with surfactant®

Concn
Surfactant (mM)

Phenan-  Fluoran-

Fluorene threne thene

Pyrene

Marlipal 013/90 5
Triton X-102 4
Genapol X-150 8
Brij 35 3
6

4

10

Arkopal N-300
Sapogenat T-300
Pluronic PE 6400
Tegopren 5851 1

“ Degradation was indicated by disappearance of the PAH and increase of
turbidity of the medium within 7 days.
® Degradation (+) or no degradation (—) of the PAH is indicated.

4+ ++
+HF A+ +++
+H++++++
N

subsequent mineralization of SDS occurred within 44 h. The
hydrolytic cleavage of SDS led to the temporary formation
of n-dodecanol that was detected after 20 h. Release of the
other product of hydrolysis, HSO, ™, resulted in the acidifi-
cation of the medium. After 44 h of incubation, the pH
values were 7.0, 6.5, 6.2, and 6.0 in the growth media with 0,
1.2, 1.6, and 2.0 mM SDS, respectively. The differences in
phenanthrene degradation increased with prolonged incuba-
tion time (Fig. 1). Phenanthrene degradation was fastest
without the addition of SDS.

Toxicity of nonionic surfactants on PAH-degrading bacte-
ria. PAH were solubilized by the nonionic surfactants prior
to inoculation with mixed cultures or the Mycobacterium sp.
The surfactants were used in different concentrations in
order to achieve the solubilization of similar amounts of
PAH. Solubilized PAH were in the range of 20 to 100
mg/liter, with the highest concentration for phenanthrene
and the lowest for pyrene.

Utilization of phenanthrene and of fluoranthene by mixed
cultures enriched on these PAH occurred within 7 days,
regardless of the solubilizing surfactant. Whether solubilized
fluorene or pyrene was degraded by the respective mixed
cultures depended on the solubilizing agents (Table 2).

Growth of the Mycobacterium sp. which is able to utilize
acetate, phenanthrene, fluoranthene, and pyrene was tested
with the solubilized PAH and with 3 mM acetate in the
presence of the surfactants. Surfactants were used in the
same concentrations as in the experiment with the mixed
cultures (Table 2). No growth of the Mycobacterium sp.
occurred with Marlipal 013/90 or Triton X-102 in the me-
dium, either with solubilized PAH or with acetate. Degrada-
tion of solubilized PAH and growth on acetate occurred
within 7 days in the presence of the other surfactants.

Kinetics of growth on solubilized phenanthrene and fluoran-
thene. Growth of the phenanthrene-degrading mixed culture
was exponential, with a doubling time of 4.7 h when incu-
bated with solubilized phenanthrene. Degradation of the
hydrocarbon corresponded with biomass increase (Fig. 2A
and B). In contrast, linear growth and degradation occurred
on solid phenanthrene. Reduction of average crystal sizes
and thereby an increase in the surface area resulted in faster
growth (Fig. 2A and B). Degradation of 120 mg of phenan-
threne per liter presolubilized by 10 mM Marlipal 013/90
required 31 h. Metabolism of the same weight of small
crystals of phenanthrene occurred within 68 h, and 90% of
the untreated large crystals were degraded after 115 h.

Degradation of phenanthrene was accompanied by the
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FIG. 2. Increase in protein (A), degradation of phenanthrene (B),
and temporary accumulation of 1-hydroxy-2-naphthoic acid (C)
during the degradation of phenanthrene by a mixed culture. Incu-
bation was done with phenanthrene solubilized by 10 mM Marlipal
013/90, with small particles, and with larger particles of phenan-
threne. 1-Hydroxy-2-naphthoic acid was identified by HPLC reten-
tion time and absorbance spectra (maxima at 250 and 334 nm,
minima at 234 and 269 nm).

release of 1-hydroxy-2-naphthoic acid, an early intermediate
of phenanthrene metabolism. The amount of 1-hydroxy-2-
naphthoic acid increased with enhanced substrate availabil-
ity. Degradation of 120 mg of phenanthrene per liter led to
the temporary accumulation of 0.6, 2.5, and 9.0 mg of the
metabolite per liter in the media with large crystals, small
crystals, and phenanthrene presolubilized by Marlipal 013/
90, respectively. Release of 1-hydroxy-2-naphthoic acid fol-
lowed exponential kinetics where growth was on presolubi-
lized phenanthrene (Fig. 2C). The temporary release of three
other, unidentified metabolites also was increased in the
presence of the surfactant (data not shown).

Incubation of 120 mg of solid phenanthrene per liter in the
presence of 10 mM Marlipal 013/90 led to simultaneous
solubilization of the crystals and degradation of phenan-
threne. Since 100 mg of solubilized phenanthrene per liter
was detected in the water phase after 16 h, the rate of
solubilization exceeded the rate of degradation. Because of
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FIG. 3. Growth of bacteria (A) and degradation of fluoranthene
(B). Incubation was done with fluoranthene presolubilized by 10 mM
Marlipal 013/90 (@), with solid fluoranthene and the addition of 10

mM Marlipal 013/90 (M), and with solid fluoranthene without the
addition of surfactant (A).

this, a decrease of the phenanthrene that was solubilized
after inoculation during the incubation occurred, with kinet-
ics similar to those for the degradation of the presolubilized
phenanthrene. 1-Hydroxy-2-naphthoic acid reached a tem-
porary concentration of 6.3 mg/liter under these conditions.
Growth of the fluoranthene-degrading mixed culture on
solubilized fluoranthene was exponential, with a doubling
time of 7.6 h. The degradation rate of solid fluoranthene in
the presence of 10 mM Marlipal 013/90, where processes of
solubilization and degradation occurred simultaneously, was
exponential in the early phase of the experiment and then
changed to linear. Growth with solid fluoranthene without
addition of surfactant was linear (Fig. 3). Degradation of 90%
of the crystalline fluoranthene required 105 h in the presence
of 10 mM Marlipal 013/90 and 330 h without surfactant.
Effect of surfactants on degradation of PAH mixtures. This
experiment could not be done with Marlipal 013/90 because
of its toxicity against the fluorene- and pyrene-degrading
cultures. A useful surfactant without toxicity was Sapogenat
T-300, which was chosen for experiments with mixtures of
50 mg each of fluorene, phenanthrene, anthracene, fluoran-
thene, and pyrene per liter. Degradation of PAH and bio-
mass production were enhanced by the addition of surfac-
tant. The biomass production was not due to the utilization
of Sapogenat T-300 (Fig. 4A). Fast degradation of the PAH
occurred in the cases of phenanthrene and fluorene even
without the addition of surfactant. The degradation rates of
the PAH were increased with increased concentrations of
surfactant (Fig. 4B). The same kind of experiment was done
with the silicon block copolymer Tegopren 5851. Because
this surfactant contained an easily degradable part, differ-
ences in biomass production related to PAH degradation
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FIG. 4. Growth of bacteria (A) and degradation of PAH (B)
within 7 days in the presence of Sapogenat T-300 at various
concentrations. (A) Comparison of the biomass productions with
surfactant and PAH and with surfactant alone. (B) Degradation of
fluorene (FLU), phenanthrene (PHE), anthracene (ANT), fluoran-
thene (FLA), and pyrene (PYR). PAH were provided as particles in
a concentration of 50 mg of each per liter.

could not be measured. Determination of PAH content
confirmed the enhancement of hydrocarbon degradation by
the nontoxic surfactant (Fig. 5). Without surfactant addition,
61.8% of the PAH remained, compared with 14.6% where
incubation occurred in the presence of 2.0 mM Tegopren
5851.
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FIG. 5. Degradation of fluorene (FLU), phenanthrene (PHE), an-
thracene (ANT), fluoranthene (FLA), and pyrene (PYR) within 7 days
in the presence of Tegopren 5851 at various concentrations. PAH were
provided as particles in a concentration of S0 mg of each per liter.
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DISCUSSION

The surfactants varied considerably in their solubilizing
properties. Because of differences in aggregation behavior,
different amounts of surfactants were needed for an increase
in phenanthrene concentration in the water phase. The SRs
determined for the alkylethoxylates and alkylphenolethoxy-
lates were in the same range as reported for comparable
nonionic surfactants (13). The high MSR of Tegopren 5851
results from the high molecular weight of this siloxan block
copolymer, and the low MSR of SDS is caused by its low
molecular weight. On the basis of weight ratios, the differ-
ences between Tegopren 5851 and SDS become much
smaller (Table 1). Data for SRs were determined for phenan-
threne. Higher values for smaller PAH such as naphthalene
and lower values for larger PAH such as pyrene have to be
expected, because the SR decreases with increasing molec-
ular size of the solubilizate (13, 18). The block polymer
Pluronic PE6400 had a relatively small effect in solubilization
because of a high CMC and a low SR.

SDS, although a surfactant with good solubilizing proper-
ties, did not support degradation of phenanthrene (Fig. 1).
The mixed culture, which was enriched and subcultured
several times on phenanthrene so that microorganisms were
adapted to phenanthrene degradation, rapidly mineralized
the surfactant. Such an inhibitory effect of a readily degrad-
able substrate on the degradation of phenanthrene was
observed previously with glucose (16). The inhibition of
phenanthrene degradation even after complete degradation
of SDS might have been due to the lowering of the pH of the
medium (12, 26).

To determine the bioavailability of solubilized PAH, sur-
factants had to be chosen that were not easily degraded.
Biodegradation of nonionic surfactants is rendered more
difficult when the hydrophobic part of the molecule is
branched and when the length of the ethoxylate chain is
increased. An aromatic ring within the hydrophobic part of
the molecule further hinders rapid biodegradation. Block
polymers and block copolymers are degraded slowly (28).

Mpycobacterium sp. did not grow on acetate in the pres-
ence of the surfactants Marlipal 013/90 and Triton X-102.
This experiment clearly demonstrates that growth inhibition
is due to toxic effects of the surfactants. This conclusion can
be drawn because a pure culture was used. In mixed
cultures, the sensitivity of the PAH-degrading strains to the
surfactants may be completely different from the sensitivi-
ties of other strains of the mixed culture which metabolize
easily degradable substrates such as acetate or glucose. In
this study, the surfactants with the highest lipophilicity,
Marlipal 013/90 and Triton X-102, inhibited growth of the
Mycobacterium sp. The same surfactants inhibited the deg-
radation of solubilized fluorene and pyrene by the mixed
cultures (Table 2). The more hydrophilic surfactants with an
HLB of 17.0 enabled the degradation of solubilized PAH in
all cases.

Therefore, this study supports the suggestion that the
toxicity of surfactants to PAH-degrading microorganisms is
related to the surfactants’ lipophilicity. It has been demon-
strated for several soil bacteria that the toxicity of surfac-
tants is related to the HLB values. Nonionic surfactants with
hydrophobic parts similar to those of the surfactants in this
study were most toxic with 6 to 13 ethylene groups per
molecule (9, 10). In another investigation, toxicity decreased
with shorter or longer ethoxylate chains and was related to
membrane-damaging effects. Surfactants with ethylene ox-
ide chains consisting of fewer than six monomers were
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buried in the lipid layer of liposomes, and the long ethylene
oxide chains, e.g., those with 30 monomers, had no effect on
the membrane permeability (11). The inhibition of physio-
logical activity by Triton X-100 (HLB, 13.5), another surfac-
tant of the Triton series containing two ethoxylate mono-
mers less than Triton X-102, is documented. Triton X-100
decreased the phenanthrene degradation by a mixed culture
(19) and completely inhibited the sterol transformation by
Mycobacterium fortuitum (3). Thus, the more hydrophobic
surfactants that seem to exhibit better solubilizing properties
(3, 17) are tolerated by only a few bacteria.

The degradation of solubilized PAH by the mixed cultures
gave protein yields of 0.40 mg/mg of phenanthrene and 0.32
mg/mg of fluoranthene (Fig. 2 and 3). Yields of 0.24 mg of
protein per mg of phenanthrene and 0.23 mg of protein per
mg of fluoranthene have been reported for pure cultures (33).
Since the values of the present study are high compared with
the reported data, the utilization of the impurities of the
surfactant has to be expected.

The exponential degradation of solubilized phenanthrene
and fluoranthene indicated that cultures were not limited by
substrate availability (Fig. 2 and 3). Solubilized n-decane and
n-tetradecane also supported exponential growth of pure
cultures, as was reported recently (6). Thus, solubilized
PAH and alkanes are bioavailable, although the hydrocar-
bons are originally enclosed by surfactant molecules. In this
context, it should be noted that a constant dynamic ex-
change of aromatic hydrocarbons between surfactant mi-
celles and the water phase has been demonstrated (1),
although hydrophobic organic compounds are preferably
localized within the micelles (30). The high diffusion rate
from the micelle’s core into the aqueous medium should
enable a continuous uptake of the PAH from the water
phase. Therefore, at least two mechanisms might be respon-
sible for the transfer of PAH from micelles to the microor-
ganisms: (i) uptake of PAH from the water phase after
diffusion out of the micelles or (ii) a close contact of micelles
with the cell envelope, perhaps accompanied by membrane
fusion as was postulated for phosphatidylcholine liposomes
(21).

The high bioavailability of solubilized PAH only results in
an exponential degradation of crystalline PAH when the
mass transfer from the crystalline form to the solubilized
state is faster than the degradation by the bacteria. During a
batch cultivation, the mass transfer rate will decline because
of a decrease in the surface area of the crystals and the
degradation rate will rise because of an increase in biomass.
Mass transfer of crystalline phenanthrene in the presence of
Marlipal 013/90 was fast enough to promote exponential
growth. Mass transfer from fluoranthene crystals to the
surfactant-containing water phase supported exponential
growth only in the initial phase (Fig. 3). This may be due to
the bigger crystals and lower solubility of fluoranthene and
subsequent slower solubilization. The linear growth and
degradation occurring on the solid PAH without addition of
surfactant confirm observations that the dissolution rates
limit the degradation of hydrophobic compounds (27, 29, 31,
34).

Enhancement of PAH degradation occurred for all PAH
present in a mixture to which nontoxic surfactants that were
not preferred as growth substrates were added. Even in the
presence of a surfactant, the degradation rates of the PAH
were correlated with their water solubility (Fig. 4B and 5).
Anthracene, the PAH with the lowest water solubility of 57
ng/liter (20), had the slowest degradation rate, followed by
pyrene with a water solubility of 162 pg/liter. Of course, the
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size and form of crystals may alter the dissolution and
solubilization rates.

The enhancement of PAH degradation by the addition of
surfactants is a helpful technique for laboratory investiga-
tions. Experiments can be done with minor or no limitation
by substrate availability. Furthermore, the addition of sur-
factants without toxicity may be a useful tool to accelerate
bioremediation of contaminated areas.
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